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HYDROLOGIC ANALYSIS OF THE HEADWATERS LAMPREY RIVER WATERSHED USING WATER 
ISOTOPES 
by 
Matthew Campman Frades 
University of New Hampshire, September, 2008 
The Headwaters Lamprey River Watershed (HLRW) is located in southeastern New 
Hampshire, a region projected to experience rapid population growth and increased water 
stress. In order to better understand groundwater flowpaths and residence times within 
the HLRW, this study employs stable water isotopes as natural tracers. For the period of 
June 2006 through October 2007, over 200 total water samples of groundwater, surface 
water, precipitation, and infiltration were collected and analyzed for stable hydrogen and 
oxygen isotopes. Based on analysis of isotopic and hydrometric data, the groundwater 
system is interpreted to be comprised of three distinct but interconnected reservoirs: a 
shallow groundwater reservoir which does not directly contribute to stream flow at the 
watershed outlet and has a mean residence time greater than 9 years; a very shallow 
groundwater reservoir, which is fed by the shallow system, flows through surface water 
bodies and wetlands with a mean residence time of approximately 1.5 months, and is the 
primary source of baseflow in the stream network; and a deep groundwater reservoir. The 
findings have significant implications for the interpretation of biogeochemical mass balance 
models in the Lamprey River Watershed. 
x 
INTRODUCTION 
The Lamprey River Watershed (Figure 1) is located in the seacoast region of 
southeastern New Hampshire which is currently undergoing rapid population growth. The 
state of New Hampshire as a whole grew by 17.2% from 1990 to 2004 which was twice the 
rate of the average of other New England states [SPNHF, 2005]. Most of the future growth 
is projected to occur in the southeastern region of the state. The two counties which 
contain the Lamprey River Watershed, Rockingham and Strafford, are projected to grow 28% 
from 408,000 residents in 2000 to 522,000 in 2025 [Census Bureau, 2000; SPNHF, 2005]. 
This growth in population is expected to increase water demand in the region. Total water 
demand in the seacoast region is projected to increase from 26.3 Mgal/day in 2003 to 40.5 
Mgal/day in 2025, a 54% increase [Horn et ai, 2008]. 
Increased knowledge of hydrologic processes in the Lamprey River Watershed will 
enable more effective management of water resources under regimes of dramatically 
increasing water demand. Management of water resources in the Lamprey River 
Watershed is especially important given its role in coastal ecosystems and its designation 
under the National Wild and Scenic Rivers Act. 
In order to better understand groundwater flowpaths and residence times within 
the Lamprey River Watershed, researchers at the University of New Hampshire have 
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proposed establishing the Lamprey River Watershed as a long term hydrologic observatory, 
where the instrumentation, data, and results from several multi-disciplinary studies can be 
integrated to achieve greater understanding of the hydrologic system as a whole. One 
component of this proposed research is the use of water isotope data to understand 
watershed-scale processes. The exploration of stable water isotopes in the headwaters of 
the Lamprey River Watershed is the subject of this work. 
Researchers studying the Lamprey River are interested in characterizing the 
groundwater-surface water interactions in the watershed. Specifically, increased 
understanding of groundwater recharge, flowpaths and residence times is desirable 
because these characteristics have significant implications for water resource management 
and biogeochemistry. For instance, ongoing research employing strontium isotopes has 
suggested that there are significant interbasinal transfers of groundwater in the watershed 
[Smith et al., 2007]. Water isotopes and a water budget can provide additional evidence to 
evaluate this hypothesis. 
Nitrogen mass balance models suggest that 90% of nitrogen input into the 
watershed is retained. Recent research has been unsuccessful in indentifying the primary 
location and process of this nitrogen retention [Traer, 2007.] At least two general 
mechanisms have been hypothesized: (1) nitrogen is removed by microbial activity in 
bioactive areas and emitted to the atmosphere and (2) nitrogen is retained in the 
watershed by accumulating in long residence time water reservoirs. Both of these 
mechanisms involve groundwater-surface water interactions, so study of the mechanisms 
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by which nitrogen retention occurs can be aided by a better understanding of groundwater 
flow. 
Another research goal for the Lamprey River Watershed is the development of a 
spatially distributed watershed model. Water isotopic data can potentially be used to 
constrain the interpretations of a hydrologic model, but only if they naturally display 
sufficient spatial variation between water reservoirs and sufficient variation of input and 
output signals at useful temporal frequencies. Establishing a water isotope data set for the 
Lamprey River Watershed will determine whether the isotopes in the Headwaters Lamprey 
River Watershed exhibit variations sufficient to constrain a hydrologic model. 
Figure 1: The Lamprey River Watershed and sub-watersheds. The Headwaters Lamprey River Watershed 





Water isotopes, the isotopes of oxygen and hydrogen that make up the water 
molecule, have been used as tracers in hydrologic studies for over fifty years. As a result, 
their systematics are well understood and at regional scales their geographic and temporal 
distributions have been characterized [Araguds-Araguas etal., 2000; IAEA, 1969-1990]. 
Water isotopes are appealing tracers in groundwater and watershed hydrology because 
their behavior can often be considered to be ideal, that is, the isotopes behave 
conservatively and so their ratios are determined largely by external factors and are 
relatively unaffected by processes within the system of interest [Kendall and Caldwell, 1998]. 
The processes that do change, or fractionate, the isotopic composition of water are 
important to understand as these naturally occurring fractionations result in water isotope 
spatial and temporal variability. Since it is the temporal and spatial variability of isotopic 
composition which enables their use as natural tracers, knowledge of these processes is 
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critical to successful application of water isotopes in catchment and groundwater hydrologic 
studies. 
The predominant processes that affect the isotopic composition of water as it 
travels through the hydrologic cycle fall into three main categories: precipitation effects, 
evaporative effects, and mixing. Preceding the discussion of these processes is a short 
primer on the notation and conventions of water isotopic composition reporting and water 
isotope fractionation. 
Water Isotope Notation 
Water isotopic composition is expressed in delta-notation with respect to one 
common isotopic water standard, currently the Vienna Standard Mean Ocean Water 
(VSMOW) isotopic standard: 
ol8^j ^sample ~^standard • OT-V ^sample ~°standard 
"standard ^standard 
where: 
_. number of 1 8 0 atoms , „ number of 2H atoms 
R = — : TTCT„ and R = number of 1 6 0 atoms number of 1H atoms 
Delta values are usually quite small, so they are typically multiplied by 1000 and expressed 
in permil (%o) units. For example, 6180 = -0.00845 = -8.45%o. 
Traditionally, qualitative comparative terms describing isotopic composition have 
been expressed implicitly with respect to the rarer heavy isotope. So, for example, it is 
common to hear with respect to oxygen isotopes that a sample is depleted, which means 
that it is depleted in 1 80. However, due to the ambiguity, especially in multiple isotope 
systems, this terminology is falling out of favor. Therefore, in this volume, a sample 
depleted in heavy isotopes ( 0 or D) water refers to a lighter water with a lower (more 
negative) delta value. Likewise, a sample enriched in heavy isotopes (180 or D) refers to a 
heavier water with a higher (less negative) delta value [Coplen, 2008]. 
Rayleigh Distillation and Liquid-Vapor Isotopic Fractionation 
Rayleigh distillation is a simple mathematical model which describes the transport of 
material from a source reservoir to another reservoir, preferring one material component 
over another. It can be applied to describe many isotopic fractionations including the one 
most relevant to water isotope hydrology: the equilibrium exchange reaction between 
liquid water and vapor. A solution of the Rayleigh distillation model in terms of 6-values is 
[Gat etal., 2000]: 
S = SQ + s • In / 
where: 6 is the isotopic composition of the diminishing reservoir, 
60 is the starting composition of the diminishing reservoir, 
e is the isotopic enrichment factor for the reaction at a given temperature, and 
/ is the fraction of original material remaining. 
This solution is plotted in Figure 2 for £ = 5%o, which can be thought of as a vapor mass 
undergoing condensation. The vapor mass undergoing condensation (6react) is progressively 
depleted in the heavy isotopes by the removal of condensing vapor (6pr0d) which 
preferentially incorporates heavy isotopes. Whether the diminishing reservoir (the source) 
becomes depleted or enriched in the heavy isotope depends mathematically on the sign of 
6 
£ which in this case physically represents whether the reservoir is undergoing condensation 
or evaporation. During condensation, the source vapor is depleted in heavy isotopes 
because the condensing precipitation preferentially incorporates heavy isotopes. During 
evaporation, the source water is enriched in heavy isotopes because the evaporating vapor 
preferentially incorporates light isotopes [Kendall and Caldwell, 1998]. 
1 0.8 0.6. 0.4 0.2 0 
Residual fraction, f 
Figure 2: Plot of Rayleigh fractionation from Clark and Fritz [1997] showing progressive depletion in heavy 
isotopes, such as during condensation of a vapor mass. 
Precipitation Effects 
Several physical, geographic, and temporal effects on the isotopic composition of 
precipitation have been observed and described, but they are all directly or indirectly 
7 
related to two underlying factors: temperature and the fraction of water vapor remaining in 
the condensing water mass. These are the same two factors which control the Rayleigh 
distillation model of fractionation: temperature (which determines the enrichment factor e) 
and fraction of original mass remaining {/) [Ingraham, 1998]. While the process of natural 
condensation may be equivalent to Rayleigh distillation for a microscopic amount of vapor 
for a very short time span, the Rayleigh distillation model is not directly applied to quantify 
precipitation isotope effects because a natural condensing vapor mass is a complex open 
system. Instead, various larger scale 'effects' are observed and quantified when possible. 
The continental effect is the tendency of precipitation to be more depleted in heavy 
isotopes further inland. This occurs because as a vapor mass moves from an oceanic source, 
it evolves to be more depleted in heavy isotopes by progressive rainout of heavy isotopes. 
The elevation effect is the tendency of precipitation to be more depleted in heavy isotopes 
at higher elevations. This is a result of cooler temperatures at higher elevations which 
reduce the magnitude of the enrichment factor e. The seasonal effect is the tendency of 
winter precipitation to be more depleted in the heavy isotopes than summer precipitation 
due to lower temperatures. The latitude effect is the tendency of precipitation to be more 
depleted in heavy isotopes at higher latitudes. This is a result of both progressive rainout of 
heavy isotopes as vapor masses move up from the low latitudes and cooler temperatures at 
higher latitudes. The amount effect is the tendency of larger storm precipitation to be more 
depleted in heavy isotopes than smaller storm precipitation. This is because a greater 
fraction of the vapor mass contributes to precipitation and because evaporative heavy 
8 
isotope enrichments in individual raindrops are minimized due to the higher humidity 
during larger storms [Dansgaard, 1964; Friedman et al., 1964; Friedman and Smith, 1970; 
Ingraham, 1998]. 
As a result of these and other effects on water isotopes, there is wide global 
variation in hydrogen and oxygen isotopic composition of meteoric waters. Because oxygen 
and hydrogen systematics are similar, their isotopic compositions in meteoric waters have 
been observed to co-vary. The linear regression of a global data set of 6D and 6180 values 
for meteoric water (Figure 3) is referred to as the global meteoric water line (GMWL) and 
follows the general relationship: 
<5D * 8.31 • 5 1 8 0 + 10.8 
-25 -20 -15 -10 -5 0 
61 80 %o VSMOW 
Figure 3: The global meteoric water line (GMWL). Figure from Clark and Fritz [1997]; data compiled in 
Rozanski et al. [1993]. 
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The slope of the GMWL is a result of the particular equilibrium fractionation factors of 0 
and D, with some kinetic (non-equilibrium) fractionation influence. Because of unique 
geographic effects, regression lines through local meteoric data may have distinct slopes 
and intercepts, and are referred to as local meteoric water lines (LMWL) [Friedman, 1953; 
Craig, 1961; Dansgaard, 1964; Ingraham, 1998; Kendall and Coplen, 2001]. 
Evaporative Effects 
When a water mass undergoes evaporation, it becomes progressively enriched in 
the heavy water isotopes (180 and D). The enrichment is affected by the relative humidity 
at water-air interface (Figure 4). If the relative humidity is 100% then evaporation and 
condensation occur at equal rates and equilibrium evaporative fractionation occurs. During 
equilibrium evaporative fractionation, the isotopic composition of the residual water 
evolves away from its original composition along a line (in 6D vs. 6180 space) of slope 
approximately equal to that of the MWL (slope ~ 8). The line along which the residual water 
composition moves is referred to as the evaporative water line (EWL). Below 100% 
humidity, the slope of the EWL drops due to differences in the response of net fractionation 
of hydrogen and oxygen to kinetic (non-equilibrium) fractionations. If the humidity is 0%, 
then only liquid to vapor transfer occurs and the enrichment behavior follows a Rayleigh 
distillation [Kendall and Caldwell, 1998; GatandGonfiantini, 1981; Craig and Gordon, 1965]. 
10 
Figure 4: The effect of humidity on the evaporative enrichment of heavy isotopes in the residual liquid 
reservoir. From Kendall and Caldwell [1998], modified from Gat and Gonfiantini [1981]. 
Mixing Effects 
Once precipitation enters the deep groundwater system, the water isotopes can be 
assumed to behave conservatively. So, the primary influence on the isotopic composition of 
any given water sample is mixing between reservoirs of different compositions. Because 
isotopic compositions of waters mix conservatively, the composition of water resulting from 
binary mixing falls on a linear tie line between two end member compositions. Furthermore, 
because concentration is not a factor with water isotopes in water, the location of the 
mixed water composition along the mixing the line is directly proportional to the volumetric 
contributions of the two waters (Figure 5) and follows the relationship [Kendall and Caldwell, 
1998]: 
11 
if: Vmix = VA + VB (binary mixing system), 
SDmix • Vmix = SDA • VA + 8DB • VB 
8DA • VA + SDB • VB 
OU-yniY "~~ 
"mix 
where: 6Dmix = the hydrogen isotopic composition of the mixed water 
(alternatively could be oxygen isotopic composition) 
Vmix = the total volume of mixed water 
6DA , 6DB = the hydrogen isotopic compositions of binary mixing components 
A and B, and 
VA, VB = the volumetric contributions of mixing components A and B. 
LB 4 ^ i 
5D< ®——0 (Sy 
5DA 5Dmix 5DB 
V A /V m i x = L A / ( L A + LB) 
Figure 5: Binary mixing line between two end member waters A and B. Note that for water isotopes, the 
volumetric contribution fraction of one member is directly proportional to the distance of the mixed 
composition from the other end member. 
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Relevant Previous Isotope Hydrology Studies 
Groundwater recharge 
Water isotopes have been used as hydrologic tracers to elucidate groundwater 
recharge mechanisms. Abbot et al. [2000] in a groundwater study in an upland mountainous 
watershed in northwestern Vermont implementing oxygen and hydrogen isotopes used 
relatively high resolution spatial sampling of residential groundwater wells to address 
groundwater recharge locations. Precipitation isotopic composition was well correlated 
spatially, with only slight linear elevation effects observed between stations with ~650 m 
elevation difference. They found that evapotranspiration limits recharge from April through 
November, while in winter low evapotranspiration rates allow infiltration which causes 
observable variations in groundwater isotopic composition. This evapotranspiration effect 
was minimal at higher elevations (>800 m asl) where evapotranspiration rates were low due 
to sparser vegetation and colder temperatures. In a study in central Pennsylvania O'Driscoll 
et al. [2005] also found that most recharge occurred during the fall, winter and spring 
seasons. Interestingly, this study also found that the isotopic signal of infiltrating 
precipitation is already well damped in the 0-15 cm shallow soil layers. Robertson and Gazis 
[2006] also observed the seasonal evapotranspiration effect on recharge, and found that 
the relative importance of evaporation and transpiration varied with season. 
In a study of a semi-arid Arizona watershed, Blasch and Bryson [2007] used high 
spatial resolution groundwater and precipitation isotopic composition data to develop a 
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model to indentify the predominant bedrock groundwater recharge locations and seasons 
in the watershed. 
Conceptual Mixing Models 
Due to the complexity of the flowpaths and mixing of new water (precipitation) and 
old water (groundwater), spatially-lumped mixing models have been developed for use at 
the watershed scale. Amin and Campana [1996] reviewed existing watershed-scale 
hydrological mixing models and developed new combined and general models. The three 
primary models, which are mathematically complex but conceptually simple, are: the 
perfect mixing model, under which all water inputs are considered to have instantaneously 
mixed with bulk groundwater; no mixing model (piston flow model), under which old water 
is 'pushed' out by newly input water and no mixing occurs; and the partial (dispersive) 
mixing model, under which water undergoes some mixing as it travels along a groundwater 
flow path. It is not known which of these conceptual model behaviors is predominant in 
any particular watershed at any given time, so the authors suggest the use of a combined 
general model. 
Residence Time Distribution 
Water isotopes have also been used as conservative tracers in water residence time 
distribution characterization studies. A water residence time distribution is a parameterized 
functional characterization of how long water particles remain in a watershed before they 
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exit as stream flow through the watershed outlet. The most common and simplest 
parameter of residence time functions is the mean residence time. To conduct these 
studies, the heavy isotope input flux (as precipitation) and output flux (as stream flow out of 
the watershed outlet) are calculated by measuring volumetric flux and isotopic 
concentration. Then, residence time distribution models are applied to the input fluxes and 
parameters are calibrated such that the modeled output fluxes fit the observational data. 
The resulting parameterized residence time distribution serves as a quantitative constraint 
on groundwater flow and storage conceptual models, and also have been directly used in 
contaminant transport studies such [Maioszewski and Zuber, 1981; Matoszewski et al., 1992; 
Mafoszewski and Zuber, 1993; Haitjema, H.M., 1995; McGuire and McDonnell, 2006.] 
Rodhe et al. [1996] installed a roof over a catchment and irrigated a till watershed 
with isotopically distinct water, finding that old water in the aquifer was replaced within 7.5 
months and that residence time followed an exponential distribution. McGuire et al. [2005] 
characterized residence time distributions for seven watersheds and found that mean water 
residence time ranged from 0.8-3.3 years and was not correlated with watershed area but 
rather with topographic characteristics. Rodgers et al. [2005a, 2005b] also observed that 
mean water residence time correlated with watershed topography, and also cited 
correlations with soil cover. Other tracer studies have indicated that the true underlying 
residence time distribution may have a more complicated structure and exhibit fractal 
scaling [Kirchner et al., 2000]. 
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The use natural water isotopes to estimate water residence time can be limited by 
the frequency and variation in the natural signal as well as the frequency of sampling. 
Residence times cannot be accurately characterized attimescales much longer than the 
longest timescales with a significant isotopic signal. Residence times also cannot accurately 
be characterized for timescales on the order of or shorter than the sampling frequency. 
Rainfall / Runoff and HydrpRraph Separation 
High temporal resolution isotopic data sets during storm conditions can be used to 
partition the storm hydrograph peak into pre-event and event water, a method referred to 
as isotope hydrograph separation. Buttle and Peters [1997] used 180 (a conservative tracer) 
and dissolved silica (a non-conservative tracer) to perform isotope and geochemical 
hydrograph separations in a study of a small forested watershed in Ontario. In areas with 
deep soils, event water was found to comprise 25-50% of total runoff. Other studies have 
also observed large contributions of event water to stormflow [Martinec et al., 1974; 
Uhlenbrook et al., 2002]. However, other studies have shown that pre-event water 
dominates stormflow, perhaps suggesting a piston flow type mixing model driven by a 
groundwater pressure-wave flow mechanism [Dinger et al., 1970; Martinec, 1975; Laudon et 
al., 2004; Kvaener and Kl0ve, 2006]. In a study of a mountainous mesoscale (40 km2) 
watershed in Germany, Uhlenbrook et al. [2002] found that although event water 
comprised up to 50% of event flow, its contribution to total annual runoff was minor 
(11.1%). The remaining runoff was separated into distinct contributions from shallow 
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groundwater (69.4%) and deep groundwater (19.5%) sources. Shallow groundwater mean 
residence time was estimated to be 28 to 36 months, while deep groundwater residence 
time estimated to be 6 to 9 years. A St. Amour et al. [2005] study found similar results in 
various subarctic wetland watersheds in the Mackenzie River basin. Hogan and Blum [2003] 
made significantly different interpretations of new water contribution to event stream flow 
based on whether 180 was used alone or in combination with other isotopic and 
geochemical tracers systems, and found that soil water flow contributed significantly to 
storm flow. 
The recommendation to use multiple conservative and non-conservative systems in 
hydrological investigations is echoed throughout the literature [Kendall and Caldwell, 1998]. 
A study by Weiler et al. [2003] emphasized the effect of the temporal variability of 
precipitation isotopic compositions on hydrograph separations and suggested that an 
integrated approach combining the isotope hydrograph separation with the transfer 
function approach. Natural water isotope tracers have been successfully applied in other 
regions as a validation tool for hydrologic models which simulate groundwater flow 
contributions to stream flow [Stadnyk et al., 2005; Viville et al., 2006]. Successful application 




In watersheds with periods of significant snow coverage, the release of precipitation 
into groundwater and stream flow is delayed the storage of water in the snowpack. 
Temporal and spatial variations in snowmelt processes can affect the proportions of 
snowmelt contributing to groundwater recharge or stream flow. Additionally, 
characterization of the isotopic composition and volume of snowmelt input to the 
watershed is complicated by the temporal and spatial variations in the physical 
characteristics, water content, and isotopic composition of the snowpack. Dinger et al. 
[1970] used oxygen isotopes in a small mountain watershed in Czechoslovakia and found 
that two-thirds of snowmelt infiltrated into groundwater, but that melt water itself was a 
very low percentage of snowmelt event stream flow, supporting a piston-flow model of 
groundwater mixing. Barman et al. [2006], in a snowmelt study in the southwestern United 
States, found that snowmelt was the primary source of groundwater recharge despite the 
fact that it represented only 25-50% of annual precipitation. Cooper et al. [1991] in a study 
in arctic Alaska using 180 found that during peak snowmelt, more than ~86% of stream flow 
was melt water, but within a month of snowmelt melt water was absent from stream flow. 
However, a subsequent study at the same site [Cooper et al., 1993] found that water 
isotope fractionation during snowmelt affected the melt water composition enough to 
cause potentially large overestimations of snowmelt contribution to runoff. Other studies 
have observed and documented water isotope fractionation during snowmelt, and 
indicated the difficulty this presents to the characterization of snowmelt event water 
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isotopic composition [Classen and Downey, 1995; Taylor et al., 2001; Laudon et al. 2002; 
Unnikrishna et al., 2002; Laudon et al., 2004; Earman et al., 2006]. The systematic error 
introduced into a hydrograph separation by the assumption that snowmelt event water 
isotopic composition was equal to snowpack composition was quantified for four 
climatically distinct watersheds by Taylor et al. [2002] who concluded that errors can be 
quite large especially when snowmelt comprises a large portion of event stream flow. 
Studies have also shown that snow melt collector design can exert unwanted influence on 




The Headwaters Lamprey River Watershed (HLRW) (88.7 km2), located in southeast 
New Hampshire, exhibits 288 m of topographic relief (Figure 6). The HLRW is a sub-
watershed of the Lamprey River watershed which drains into Great Bay 26.5km to the east 
(79 km downstream) of the HLRW outlet. Hillslopes within the watershed are gentle (~5-10°) 
with localized areas of greater slope (~10-17°) located mostly at higher elevations. 
The HLRW is predominantly covered by forest (94%) with minor areas of agricultural 
and developed lands (Figure 7). Forest type is mixed between hardwood and conifer, with 
hardwoods more predominant in western areas of the watershed and conifers more 
predominant in eastern areas and within 0.5 km of the stream. 
The surifical geologic materials overlying the bedrock in the watershed are primarily 
deposits from the Pleistocene glaciation, consisting mainly of till with some glaciofluvial 
deposits in the vicinity of the stream channels (Figure 8.) The bedrock geology (Figure 9) 
within the watershed consists of metasedimentary and metavolcanic rock (Devonian 
Littleton Formation metapelite, Silurian-Ordovician Berwick Formation granofels/schist, 
Silurian Perry Mountain Formation quartzite and Late Proterozoic Massabesic Gneiss 
Complex gneiss/schist/gneissic granite) and plutonic rock (Late Devonian Concord Granite). 
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The bedrock in the watershed is cut by the Campbell Hill Fault, a NE/SW trending high-angle 
fault. 
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Figure 6: Topographic base map of the Headwaters Lamprey River Watershed showing the locations of 
sampling and measurement sites. WO = Watershed Outlet; DW = Deerfield Well; RR = Reservation Road; WT = 













Figure 7: Land cover of the Headwaters Lamprey River Watershed. Second order streams and higher are 
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Figure 8: Surficial geologic materials in the Watershed. Second order streams and higher are shown (stream 
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Figure 9: Bedrock geology of the Watershed. Bedrock geology is taken from a 1:250,000 scale state map, and 
therefore the position and shape of geologic contacts are approximate. Second order streams and higher are 





Hydrometric monitoring and weekly water sampling for stable isotopes were 
conducted from June 2006 through October 2007 at three monitoring sites within or just 
outside the Headwaters Lamprey River Watershed (WO, DW, and RR in Figure 6). Stream 
discharge was measured and stream water was sampled at the catchment outlet near the 
Dudley Road bridge (WO in Figure 6). Groundwater levels were measured and groundwater 
was sampled from the USGS administered "Deerfield Well" (USGS site number 
430527071140101-NH-DDW46; DW in Figure 6.) Precipitation and infiltration were 
measured and rainwater, snowmelt, and snowpack were sampled at a clearing in 
Pawtuckaway State Park accessed from Reservation Road (RR in Figure 6.) 
Stream stage was measured weekly at the watershed outlet. Five manual 
measurements of stream discharge were made over a representative range of stages to 
develop a rating curve (Figure 10). Discharge was calculated using the velocity-area method 
from measurements along a cross-section upstream of the Dudley Road bridge. Stream 
velocity measurements were measured at six-tenths stream depth using a calibrated Marsh-
McBirney flow meter. An exponential regression curve was fit to the data to determine the 
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rating curve. The rating curve was applied to the weekly stage measurements to calculate a 
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Figure 10: Rating curve for the Headwaters Lamprey River at the watershed outlet. 
Peak flood stage from a May 2007 flood event at the outlet was surveyed from 
water lines on a building exterior using an auto level and stadia. This stage value was not 
directly applied to the rating curve to determine peak flood discharge because this would 
involve unacceptable extrapolation beyond measured stage-discharge data. At this very 
high stage, the rating curve cannot be assumed to apply. Instead, peak flood discharge at 
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the HLRW outlet was estimated based on a relationship between HLRW discharge and 
discharge at the Lamprey River USGS administered stream gage downstream in Newmarket. 
This relationship adequately estimated the magnitude of HLRW discharge during high flow 
despite the fact that it did not adequately capture hydrograph timing or the magnitude of 
hydrograph response to smaller storm events. 
Stream water samples were collected approximately 0.2 meters below the stream 
surface. During winter periods of stream ice cover, an ice pick was used to breach a hole in 
the ice and "stage" was measured as the water height in this hole. Although ice cover 
greatly increases the uncertainty of discharge estimates using the rating curve, the 
alternative is no estimate of flow during ice cover. Furthermore, discharge is relatively low 
during periods of ice cover so these uncertainties do not exert much influence on the 
annual water budget. Ice thickness was also measured. Stream water was sampled at 
depth beneath the ice. River ice was also sampled directly when possible. 
Stream stage was also monitored at 15 minute intervals for two months in the fall of 
2007 using a sub-aqueous and atmospheric pressure sensor pair. This deployment was 
carried out during the late summer through early fall baseflow conditions to minimize the 
chances of high flow events damaging the sensor. 
Groundwater levels in the USGS Deerfield Well were measured manually each week. 
Groundwater was sampled after clearing three well volumes using a 12 V-DC groundwater 
pump. The well is completed in glacial sand and gravel aquifer material to a depth of 14.5 
meters [USGS]. 
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Groundwater was also sampled from two neighboring household bedrock aquifer 
wells which were located on Wild Turkey Road (WT in Figure 6). The expected quality of the 
isotopic signal from household wells was unknown, so samples were taken from 
filtered/treated indoor tap water at both households and from the filtered/untreated 
outdoor spigot from one household. Depth to bedrock in these wells was ~2.5 m and the 
wells were drilled to a depth of ~87 m [NHDES]. 
Liquid precipitation amount was monitored at the Reservation Road site using a 
tipping bucket rain gage (0.1 inch/tip). Precipitation was collected from the drain outlet of 
the tipping bucket gage and collected within a buried thermally insulated chamber in a vinyl 
bladder. A bladder was used to minimize head space while providing a dynamic storage 
volume. Tubing between the collector and the container was looped and care was taken to 
insulate and shield the chamber from solar radiation to effectively eliminate evaporative 
fractionation. Bulk collected precipitation, when present, was sampled and the remaining 
collected water was emptied weekly. 
In addition to collecting rainwater from the tipping bucket gage, an infiltration 
lysimeter was constructed to collect recharge water from rainfall and snowmelt events. The 
collector was designed to drain infiltrated water through underground plumbing to a 
separate collection site so that melt water could be sampled weekly without disturbing the 
overlying snowpack (Figure 11). The plumbing and melt water collector were buried 
beneath the frost depth to allow the infiltrated water to flow without freezing. Snowmelt 
was sampled and infiltrated melt volume was measured on a weekly basis. Infiltrated liquid 
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precipitation was also collected weekly when snow was not present to compare with 
directly collected precipitation to help identify and quantify any fractionations that may 
have occurred during infiltration. 
Figure 11: Infiltration lysimeter design consisting of (1) a stainless steel infiltration collector, buried and 
refilled with substrate draining to (2) PVC pipe below the frost depth which drains to (3) a accessible sealed 
plastic collector. 
Snow surveys were performed at the Reservation Road site when the snowpack was 
deep enough to be weighed accurately. During a snow survey, a snow tube and calibrated 
scale were used to measure the snow pack height and snow water equivalent at ten 
arbitrary undisturbed locations in the vicinity of the precipitation collector. Measured snow 
cores were melted in a sealed chamber, mixed, and analyzed in bulk. 
Analytical measurements 
In total, 300 samples were analyzed for hydrogen (6D) and oxygen (6180) isotopic 
composition on a Temperature Conversion Elemental Analyzer (Finnigan TC/EA) coupled to 
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a Delta Plus XP Isotope Ratio Mass Spectrometer via a Conflo III open split. Analysis was 
performed at 1400°C EA furnace temperature. 
Because this was the first analysis of this type carried out in this laboratory, the 
analytical procedure was unusually heavy in standards and replicates to reduce and quantify 
uncertainty. The procedure employed three known standards and four calibrated in-house 
standards. Each sample was analyzed at least two times, and replicate runs with isotopic 
compositions differing by a greater value than the machine uncertainty specifications were 
run at least two more times. The resulting uncertainty, quantified as a 99% confidence 
interval, was ±0.587%o for 6D and ±0.240%o for 6180. 
Data Analysis 
The watershed water balance was calculated at a daily interval for the 2007 water 
year. Calculations were performed to obtain daily values for the fluxes of the quantifiable 
inputs (precipitation) and outputs (evapotranspiration and stream discharge at the 
watershed outlet.) 
The precipitation data were recorded as a sequence of bucket tip occurrence times, 
so the number of tips that occurred each day could simply be summed to determine the 
daily input. During the winter months the precipitation gage was not operational, so weekly 
infiltration volumes measured in the snowmelt collector were used to represent 
precipitation water input. 
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The daily evapotranspiration flux was calculated using the Penman-Monteith Model 
[Penman, 1948; Monteith, 1965; Dingman, 2002; Howell and Evett, 2004]. Meteorological 
data inputs into the model were obtained from the nearest available weather stations. 
Specifically, average daily air temperature records and shortwave radiation energy input 
were obtained from the Kingman Farm Climate Reference Network Site (Station 1031) in 
Madbury, NH [NOAA1]. Average daily relative humidity records were obtained from the 
Thompson Farm Airmap station in Durham, NH [AIRMAP; NOAA1]. Average daily wind 
speeds were obtained from the UNH Weather Station in Durham, NH [UNH Weather 
Station]. The model was not found to be sensitive to cloud cover and air pressure because 
shortwave solar radiation input was directly measured, not modeled, so these parameters 
were assigned constant representative values of 0.5 and 1000 kPa, respectively. Values for 
environmental parameters were chosen from average values for a mixed hardwood and 
conifer forest from Federer et al. [1996] and are shown in Table 1. Daily evapotranspiration 
fluxes were calculated for the water budget using the Penman-Monteith Equation, in a 
model built from a spreadsheet model [Dingman, 2002]. Since transpiration has been 
determined not to fractionate water isotopes [Dawson and Ehleringer, 1998], daily 
evaporation fluxes were calculated separately for use in evaporative isotope fractionation 
calculations according to the simpler Penman model. 
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Table 1: Representative values of environmental parameters used in the Penman-Monteith Model of 
evapotranspiration 
Vegetation Height [m] 
Shelter factor [] 
Leaf conductance [mm/s] 
Albedo [] 







Because discharge at the watershed outlet was measured weekly, two approaches 
were considered for estimating daily values. One approach was a simple linear 
interpolation of weekly discharge measurements. The other approach was estimation of 
daily average discharge from a regression relationship with the USGS gage downstream on 
the Lamprey River was also considered. The two methods were evaluated over the period 
of record of high temporal frequency (15 minute) stage measurement at the watershed 
outlet, as recorded by a datalogging pressure transducer (Figure 12). Simple linear 
interpolation was chosen because the downstream gage relationship method was found to 
be less responsive and less accurate than the linear interpolation of weekly discharge 
measurements. 
A small sampling bias was discovered in the weekly observational data; weekly stage 
measurements were taken at midday during peak evapotranspiration, and thus were 
systematically measured during the low point of diurnal fluctuations. To correct for this 
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slight underestimate of average weekly stage, weekly measurements were shifted upwards 
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Figure 12: Comparison of two methods of obtaining daily measurement of discharge (linear 'interpolation of 
weekly discharge measurements' and 'discharge regression relationship with downstream gage') with 
discharge measurement at 15 minute intervals (Levellogger). 
For some cases, the relative effects of environmental factors on water isotopic 
values were evaluated using Classification and Regression Tree (CART) Analysis. This 
analysis is an alternative to a multivariate regression, the output of which is a hierarchical 
partition of the data instead of a continuous functional relationship. 
In the CART statistical technique, a set of data rows consisting of one dependent 
variable coupled with several independent variables is input into a computer algorithm. 
The algorithm determines for each independent variable a 'split value' which explains the 
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maximum difference in the dependent variable. The algorithm scores the explanatory 
power of each potential split with a 'log worth' value. If the 'log worth' values are high 
enough to be considered significant, the algorithm splits the data rows into two separate 
populations based on the independent variable with the greatest 'log worth.' The algorithm 
then repeats this evaluation for each new population of data rows. The result is a 
conceptual tree which partitions the data into terminal categories (leaves) which exhibit a 
maximum difference in the dependant variable based on the values of the independent 
variables [Breiman et al., 1984; De'ath and Fabricius, 2000]. The 'Partition' module of the 
JMP 7.0 statistical computer software package was used to perform this analysis. 
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Isotope Ratio Model 
A spreadsheet isotope mass balance model was also constructed to evaluate 
hypotheses about storage volumes and flow rates during a twelve week period under 
summer baseflow conditions in 2007. The model involves a single conceptual "lumped" 
surface water storage reservoir, which undergoes evaporation, receives groundwater and 
precipitation inputs, and outputs water into the stream network. The model operates 
under a weekly time step to match the field sampling frequency. The equation for the 
isotopic composition of the surface water storage reservoir is: 




6S and Vs = the isotopic composition and volume of the surface water 
reservoir, 
6GW and VGW = the isotopic composition and volume of the groundwater 
input, 
5P and VP = the isotopic composition and volume of the precipitation input, 
SE and VE = the isotopic composition and volume of evaporation from the 
surface water reservoir, and 
V s w = the volume of output to the stream network (isotopic composition is 
equal to Ss.) 
36 
dp V p bg Yg 
^GW^GW hYsw 
Figure 13: Box-diagram of isotopic mass balance model. Terms are defined in text. 
The surface area of the hypothesized "lumped" surface water reservoir was 
calculated from a GIS analysis of surface water bodies and wetlands [GRANIT]. The volume 
of the surface water reservoir was estimated by multiplying surface water body and 
wetland surface areas by representative average depths. Average surface water body 
depths were informed by depth surveys of Upper and Lower Freeses Pond [NHFGD]. These 
surface areas and volumes are shown in Table 2. Initial isotopic composition of the surface 
water reservoir was a component of the hypotheses and informed by direct measurement. 
Table 2: Physical dimensions of hypothetical "lumped" surface water storage reservoir. Surface area from GIS 
analysis. Average depth estimated from limited depth survey analysis. Volume calculated as the product of 
surface area and depth. 
Surface water bodies 
Wetlands 
Total 




Average Depth [m] 







The volume of direct precipitation input was calculated from weekly rainfall rates 
and reservoir surface area. The isotopic composition of weekly precipitation samples was 
used directly in the model. Weekly evaporation volume was summed from daily 
calculations of evaporation (notevapotranspiration) calculated using the Penman-Monteith 
model. Isotopic composition of evaporation was modeled from climatic parameters 
according to Mook [2000] and Ozaydin et al. [2001]. Volumetric rate of surface water 
output was estimated from watershed outlet stream discharge and isotopic composition 
based on the hypothesis of binary mixing between contributions of groundwater and the 
water from the surface water reservoir. Groundwater isotopic composition was taken from 
weekly measurements in the Deerfield Well. To simplify calculations, the volume of the 
surface water reservoir was assumed to be in approximately steady state over the course of 
this twelve week period, so groundwater input volumes were quantified as the mass 
balance deficit determined by the other fluxes. 
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CHAPTER IV 
RESULTS AND DISCUSSION 
Water Balance 
Three fluxes make up the hydrologic budget for the Headwaters Lamprey River 
watershed: precipitation input, evapotranspiration output, and stream flow output at the 
watershed outlet. Differences between the inflows and outflows result in a change in 
storage which is manifested by changes in water table elevation. Time series of these fluxes 
are shown in Figure 14. This conceptual model of the water budget assumes that net 
groundwater flux into and out of the watershed is zero, which is a common starting 
assumption in watershed hydrology, especially in fractured bedrock aquifer systems where 





































































































































































































































































Of particular note in the precipitation record is the April 15-17, 2007 spring storm 
event during which the area received 16 cm of rain onto soils already saturated by spring 
snowmelt, causing record flooding in the region. The stream flow response to this event 
stands out clearly in the hydrograph. The hydrograph also shows a spring rise in response 
to snowmelt and spring rains, followed by a summer recession to baseflow conditions. 
Modeled evapotranspiration shows clear seasonality and is greatest in the summer due to 
higher atmospheric temperatures and greater incident solar radiation. 
The water balance for water year 2007 is shown in Figure 15, with inputs and 
outputs plotted as cumulative totals. Infiltrated water occurring during the early spring, 
including snowmelt and rain on snow, was also included as "precipitation" input for the 
early spring period (bracketed on Figure 15). This snowmelt water was a significant 
component of water input, despite the fact that 2007 was a relatively low snowfall water 
year for the region (22% less January-March precipitation) [NOAA2]. The periods of 
greatest water input, represented by steeper slopes of cumulative water input, are the late 
fall / early winter, and spring rain / snowmelt events. Late winter and summer represent 
periods of low water input rates. 
With respect to water outputs from the catchment, stream discharge dominates in 
the late fall and winter, while evapotranspiration dominates in the summer. The winter 
season exhibits the lowest rates of water output. Total water output rates are highest 
during storm hydrograph peaks. The summer exhibits the period of greatest sustained 
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water output despite the relatively low stream discharge, due to high evapotranspiration 
rates. 
The water budget itself, calculated as cumulative input minus cumulative outputs, 
accumulates a surplus in late fall, drops slightly during the winter due to low precipitation 
input, and then rises to peak surplus levels in the spring. The balance then recedes at a 
fairly steady rate, punctuated by storm events and recessions, during late spring through 
the early fall. At the end of the water year, the water balance has returned to 
approximately zero. 
As the water balance is a mathematical representation of changes in water storage 
in the catchment, one would expect the water balance to be equal to the change in storage 
in the watershed plus or minus groundwater inflows or outflows. If all of the water balance 
excess is assumed to be stored in groundwater and surface water, then the water balance 
time series can be transformed into a water storage model by assuming storage coefficient 
to characterize the glacial sand and gravel materials surrounding the well and the surface 
water storage. At a storage coefficient of 0.5, modeled groundwater level variations (Figure 
16) match observed water level variations. The effective porosity of well-sorted sand and 
gravel can range from 25-50% [Fetter, 1994]. The storage coefficient of 0.5 incorporates 
storage in both groundwater and surface water, so to the extent that water is stored in 
surface water (effective porosity = 100%) the storage coefficient is pushed higher from the 
aquifer material effective porosity. For the period of record, the observed well levels 
strongly correlate with the well levels calculated from the water balance. The fall rise and 
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plateau, the winter recession, the spring rise, the summer recession, and the summer 
transition to deficit all are reflected in both the water budget and the Deerfield Well level 
record. The trends in the well record seem to lag the water budget trends by a period of 
weeks to a month. This lag makes sense considering the relatively slow system of 

















































































































































































































































































































































































































Considering the inherent uncertainties and assumptions made in calculating a water 
budget, including the spatial upscaling of point measurements, temporal gaps in field 
records, inherently uncertain measurements (discharge measurement and rating curve 
calculation), and the use of modeled evapotranspiration fluxes, the fact that the water 
budget correlates so well with the well level record, a proxy for water storage, increases 
confidence in accuracy of the water budget and its component flux records. However, the 
apparent 'closure' of the water balance does not preclude the possibility of interbasinal 
groundwater flow. If interbasinal groundwater inputs are approximately equal to 
interbasinal groundwater outputs, then they could be very high in magnitude but have no 
impact on the water balance. Furthermore, there is a significant water balance excess in 
the fall of 2007 that is not reflected in the observed Deerfield Well water levels which 
suggests a missing output flux term in the water balance, potentially interbasinal 
groundwater output. The results from an ongoing groundwater study in the Lamprey River 
Watershed using strontium isotopic tracers also suggests significant interbasinal flow, 
specifically groundwater input into the HLRW from the topographically higher Mt. 
Pawtuckaway to the east [Smith et al., 2007]. 
Water Isotopes 
Variability in isotopic composition is illustrated in an oxygen-hydrogen plot (Figure 
17) and is quantified in Table 3. Precipitation samples, including rain, snowpack, and 
snowmelt, show the greatest variation in isotopic composition. This isotopic variation of 









































































































































































































































































































































































































































































































































































































































water and groundwater reservoirs by mixing. The stream water has an intermediate 
variation, and the groundwater exhibits very little variation. 
Liquid precipitation exhibits the widest range of isotopic composition, including the 
most isotopically enriched sample and the fourth most depleted sample. Snowpack 
samples were the most depleted because of seasonal and temperature isotopic effects. 
Snowmelt samples were relatively depleted, but less depleted than snowpack samples, 
likely due to progressive evaporative enrichment of the snowpack during melt and due to 
rain on snow events. 
Groundwater maintains the most constant isotopic composition. The Deerfield Well 
stratified drift aquifer samples did not deviate far from their mean value (6D = -63.43%o, 
6180 = -8.94%o). In fact, the standard deviation of the Deerfield Well samples was less than 
analytical uncertainty (99% confidence intervals for both hydrogen and oxygen isotopic 
composition). The fact that the Deerfield Well water levels did respond to seasonal 
precipitation patterns, but the isotopic composition of the groundwater did not respond 
helps to constrain the mean residence time of water in the shallow groundwater reservoir. 
If the seasonal variation in isotopic composition of recharge is approximated by a sinusoidal 
function of amplitude A„, then the composition of the water leaving the groundwater 
reservoir will vary according to a damped sinusoidal function with a lower amplitude, B„. 
Assuming an exponential residence time distribution, the extent of damping is related to 
the mean residence time by [Mafoszewski et al., 1983 as reported by McGuire and 
McDonnell, 2006]: 
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From the infiltration isotopic composition data, An is approximately 33.9%o (6D). Since 
there is no observable deviation in Deerfield Well isotopic composition, Bn must less than 
the analytical uncertainty (Bn < 0.587%o). Therefore, the mean residence time must be 
greater than ~9.2 years. 
The deep bedrock groundwater wells sampled at the residences on Wild Turkey 
Road exhibited low temporal variation, as well as low inter-well variation. In fact, all 22 
household samples, including samples from two different residences and samples with and 
without household water treatment, at all times reflected the same underlying mean (6D = -
66.00%o, 6180 = -9.36%o). Standard deviation of these samples was also less than analytical 
uncertainty. Therefore, the differences in well construction between homes, and the effect 
of household water treatment, did not appear to affect the isotopic values of the water 
samples, supporting the hypothesis that water sampling from homeowner wells for water 
isotopes can be an effective part of an isotope sampling campaign. 
As precipitation is the primary regional-scale input of water, and groundwater is the 
primary terrestrial storage reservoir, one would expect to see a relationship between the 
isotopic compositions of the two. Specifically, if groundwater is fed by precipitation, then 
the stable isotopic composition of groundwater should reflect the long term average 
composition of precipitation inputs. To test this relationship, the volume-weighted average 
isotopic composition of precipitation input for the 2007 water year was calculated. For 
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most of the year, liquid precipitation samples and volumes were used in the calculation but 
for the late winter snowmelt infiltration and infiltration volume was used. During periods of 
significant evapotranspiration, only 50% of precipitation was counted towards the average. 
This rough estimate of evaporative loss is supported by the ratio of average modeled 
evapotranspiration rate (0.27 cm/day) and average precipitation rate (0.48 cm/day) during 
the season of active evapotranspiration (taken to be April 15 - October 31), is also 
corroborated by other estimates of recharge fraction in the region [Flynn and Tasker, 2004]. 
The supporting data for and results of this calculation are shown in Table 4. 
The volume-weighted average isotopic composition of precipitation input for water 
year 2007 was close to groundwater composition but somewhat more enriched in the 
heavy isotopes (6D = -60.79%o, 6180 = -8.63%o). This makes sense because water year 2007 
was a relatively low snowfall year (~22% less January-March precipitation) [NOAA2] and 
snow is by far the most isotopically light precipitation, so lower snow volumes would cause 
the annual average to be isotopically heavier. Additionally, the April 15-17 flood rains in 
water year 2007 inputted significant quantities of water which were isotopically heavier 
than the groundwater. This supports the hypothesis that the stable isotopic composition of 







































































































































ANNUAL AVERAGE = 
Deerfield Well Mean = 

















































































Table 4: Calculation of volume-weighted average isotopic composition of precipitation 
input for water year 2007, as compared to mean groundwater composition. 
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However, the isotopic composition of the deeper bedrock groundwater was more 
depleted in heavy isotopes than the shallower stratified drift groundwater. One 
explanation for this is that the deeper groundwater is fed by a geographically wider 
groundwater flow cell, which would include more high altitude areas where precipitation is 
more depleted due to the altitude effect. As the general isotopic lapse rate for oxygen 
isotopic composition is ~0.28 %o / 100 m [Poage and Chamberlain, 2001], and the oxygen 
isotopic difference between the deeper groundwater 6180 = -9.36%o) and the HLRW 
seasonal average precipitation (6180 = -8.95%o) is 0.41%o, the difference in average source 
elevation would be ~146 m. This elevation difference is minor compared to local relief, so 
area of recharge contribution would not have to differ much from that of the shallow 
groundwater, nor would it necessarily have to include areas outside of the HLRW 
boundaries. 
The isotopic composition of the stream water at the watershed outlet exhibits an 
intermediate variability which is consistent with the stream water being a mix of 
precipitation and groundwater, this intermediate variability makes sense conceptually. 
However, as will be discussed below, the actual isotopic composition of the stream flow 
cannot be explained as a simple mix between groundwater and surface water. 
The dashed line in Figure 17 is a linear regression of the precipitation data, and 
represents the local meteoric water line (LMWL). In Figure 18, a version of the oxygen-
hydrogen plot zoomed to the compositional range of stream water and groundwater, the 
equation for the LMWL is shown. The slope and deuterium-excess (y-intercept) of the 
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LMWL (~7.44 and ~3.32, respectively) are similar to those of a LMWL calculated for the 
state of New Hampshire (7.3 and 5.3) [Kendall and Coplen, 2001]. 
A linear regression of the stream water samples at the watershed outlet (WO) was 
performed and is interpreted to represent an evaporative water line (EWL), which is also 
shown in Figure 18. The slope of the EWL (~5.3) reflects a ~0.75 average relative humidity 
during evaporation [Clark and Fritz, 1997]. For comparison, the daily average relative 
humidity (using Thompson Farm meteorological station data from Durham, NH) weighted 
by the evaporation rate, was calculated to be 0.64. 
The intersection of the EWL and the LMWL can be interpreted as the "source" of 
water which undergoes progressive evaporation. This intersection is close to, but slightly 
more enriched in heavy isotopes than, the stratified-drift groundwater isotopic composition. 
This offset may be explained by the fact that each stream water sample value is a mix 
between an evaporated source of water and direct input of precipitation water. Therefore, 
the stream samples from which the EWL is calculated actually populate a mixing space 
between the MWL and a lower underlying unmixed EWL. In support of this hypothesis is 
the observation that the lower bound of the distribution of stream sample compositions in 
Figure 18 appears to follow a tight linear trend which would intersect the LMWL directly at 
the stratified drift composition. In light of this, the groundwater stored in the stratified drift 
aquifer is interpreted to be the primary source of water to the stream and the primary 


























































































































































































































































Temporal Trends of Isotopes 
First Order Observations 
Because of the general correlation between oxygen and hydrogen isotopic 
composition, time series of water isotopic data typically present one isotopic ratio. In this 
study, hydrogen was chosen because the samples show a greater variation in 6D relative to 
analytical uncertainty. The time series record of 6D (Figure 19) illustrates the high 
variability of precipitation and infiltration isotopic composition, constant composition of 
groundwater, and intermediate composition of stream water. 
Precipitation composition follows a general seasonal cycle: enrichment in heavy 
isotopes in the summer months and depletion in heavy isotopes in winter months. 
However, within this general seasonality there is significant inter-week variability of 
precipitation. 
For some sample weeks, infiltration composition is similar to liquid precipitation 
composition but for others it is significantly isotopically heavier or lighter. The causes of 
these deviations are explored in a section below. 
For all sample weeks in which snowmelt infiltration was collected, snowmelt is more 
enriched in heavy isotopes than the overlying remaining snowpack. This is likely due to 
evaporative enrichment of meltwater and the contribution of relatively enriched rain. 
Stream isotopic composition follows a seasonal cycle similar to that of precipitation, 
although with much lower inter-week variability. Stream samples are enriched in heavy 
isotopes in the summer months then smoothly transition to depletion in heavy isotopes in 
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the winter. Two isotopic effects influence this seasonality: direct contribution of 
precipitation isotopes and evaporative enrichment in heavy isotopes in the warmer months. 
Some weekly excursions in stream isotopic composition are observed and most can be 
explained by high volume contributions of precipitation during storm hydrograph peaks. 
Storm-related deflections of stream isotopic composition are discussed in a later section. 
Summer Baseflow Conditions 
The isotopic composition of stream flow is the result of mixing of source waters of 
varying isotopic composition. For this reason, stream water isotopes can be used as 
validation data for conceptual and quantitative watershed hydrologic models. While 
constructing a distributed hydrologic model is one of the long-term research goals of the 
Lamprey River Watershed Hydrologic Observatory, it is outside of the scope of this study. 
However, the isotopic composition of stream water can be used to test conceptual 
hypotheses about the hydrology in the watershed over temporal and spatial scales where 
hydrologic conditions are relatively simple. 
During the summer baseflow conditions (July through mid-September), stream 
discharge at the watershed outlet maintains a steady 1 m3/s flow, precipitation inputs are at 
a seasonal low, and stream flow is traditionally interpreted to be composed primarily of 
groundwater. Isotopic time series for both summers are shown along with the stream 
hydrograph in Figure 20. Summer 2007 isotopic and hydrometric data are presented in 
detail in Figure 21. During summer baseflow, in both 2006 and 2007, the isotopic 
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composition of stream water maintains a fairly constant value (6D = -52.50%o). This isotopic 
composition is significantly different from the steady signal of the nearby Deerfield 
groundwater well (6D = -63.43%o). So, the question arises: how does the stream water 
during baseflow conditions maintain such a constant isotopic composition that is 
significantly different from the groundwater composition? In this section, hydrometric and 
isotopic data are used to constrain interpretations of the underlying hydrologic system 
which attempt to answer this question. 
An additional piece of isotopic evidence is that although the stream water isotopic 
composition at the watershed outlet maintains a constant value, there is a slight 
downstream gradient in isotopic composition. The isotopic composition of samples taken 
along a longitudinal stream transect (Table 5) show that stream water is isotopically lighter 
downstream, although 6180 is within analytical uncertainty. 
One hypothesis to explain the stream water composition is that the isotopically 
lighter groundwater is mixing with isotopically heavier summer rain water. However, given 
that rainfall is intermittent, the volume and isotopic composition of rainfall is variable, and 
that the residence time of storm water is relatively short, it is not plausible for rainfall to 
directly provide a constant source of isotopically heavy water. In order for water from 
another source to mix with the known groundwater signal to produce a stable signal, the 
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Weekly total precipitation [cm] 
Another hypothesis is that there is a very shallow groundwater source of water 
consistently contributing some fraction of stream discharge which is isotopically heavier 
due to summer evaporation. The time series of the deviation of samples from the local 
meteoric water line (Figure 22) shows that stream water does exhibit a seasonal 
evaporative signal which supports this hypothesis. This very shallow groundwater would 
have to be exposed to the atmosphere long enough for significant evaporation to occur. So, 
a likely candidate for the source is the surface water bodies and the wetlands in the 
watershed. Surface water bodies were sampled twice during the summer and the results 
are shown in Table 6. 
Both surface water bodies at both sample times had a similar isotopic composition. 
The mean 6D of the water samples was -48.20%o. This is distinctly more enriched in heavy 
isotopes than the mean 6D of infiltrated water during the baseflow period of -45.87%o. 
There are two refinements of this hypothesis: 
The first is that the constant baseflow isotopic composition is the result of a binary 
mix between the shallow "Deerfield well" groundwater and the very shallow groundwater 
which moves through surface water bodies and wetlands. The mathematics of binary 
mixing systems are reviewed in Figure 5. For this hypothesis to be true, the shallow 
groundwater reservoir must (1) contribute a constant and sufficient proportion of baseflow 

































































































































































































































































































Table 5: Isotopic composition of a longitudinal stream transect. Note that the underlying difference in the 
isotopic values is small enough that 6180 variation is within analytical uncertainty, but 6D variation is greater 






 Lamprey @ James City Road 
Lamprey @ 43+107 
Lamprey @ Cotton Road 























Table 6: Isotopic composition of surface water bodies from summer samples. 
North Freeses Pond 






























Table 7: Isotope mass balance model results for the hypothesis that shallow groundwater (composition 6D = -
48.20%°) comprises 70% of baseflow. Note that the evaporation is insufficient to sustain the distinct isotopic 








































































































































Table 8: Isotope mass balance model results for the hypothesis that shallow groundwater (composition 6D = -










































































































































The second is that the constant baseflow isotopic composition consists entirely of 
very shallow groundwater which flows though the hypothetical bulk surface water body, 
with no direct contribution from the non-evaporated Deerfield Well groundwater. If this 
were the case, then the very shallow groundwater would have to maintain a constant bulk 
composition equal to that of baseflow composition. 
To test these hypotheses, an isotope mass balance model (described earlier in the 
Methods section) was run for the 2007 summer baseflow period. The model simulates the 
weekly isotopic composition of a hypothetical well-mixed bulk surface water body and 
wetlands reservoir (Vs, 6S) with a steady volume, given weekly inputs of precipitation (VP, 6P) 
and shallow groundwater (VGW, 6GW) and weekly outputs of evaporation (VE, 6E) and 
contribution to stream flow (VP, 6P). 
To evaluate the mixing hypothesis, the isotopic composition of the hypothetical bulk 
surface water body (VSW, 6SW) was assumed to be equal to the surface water sample 
average (6D = -48.20%o). Based on this composition, and on the constant composition of 
the Deerfield well groundwater (6D = -63.43%o) the shallow groundwater must contribute 
~70% of discharge (~0.7 m3/s) to maintain the baseflow composition (6D = -52.50%o). The 
isotope mass balance model output from a run with these parameters (Table 7) indicate 
that the shallow groundwater reservoir would be unable to sustain a distinctly heavy 
isotopic composition. In fact, no matter what the initial composition of the bulk surface 
water body, the composition converges to 6D « -52%o (Figure 23). This composition is 
approximately equal to the baseflow composition. 
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To test the hypothesis that the very shallow groundwater contributes all of baseflow, 
the isotopic mass balance model was run with an initial bulk surface water body 
composition equal to the baseflow composition (6D = -52.50%o). The model output, shown 
in Table 8 and plotted in Figure 23, indicates that the shallow groundwater would be able to 
sustain an isotopic composition equal to the observed stream flow composition throughout 
the summer. This supports the hypothesis that stream flow is composed solely of water 
from the conceptual "shallow groundwater" source. The observed model convergence 
behavior illustrated in Figure 23 strongly supports the hypothesis that the stream flow is 
entirely composed of water from this theoretical shallow groundwater source. It also 
suggests that the very shallow groundwater system would easily be able to "spin up" to the 
constant evaporative value from an isotopically lighter winter composition before the 
baseflow period. 
If the hypothesis that the very shallow groundwater contributes all of baseflow is 
true, then according to the model, the mean residence time of water in the very shallow 
groundwater reservoir, computed as the quotient of storage volume and flux in or out, is 























































































































































































































































































































































































































































































Stream Isotopic Response to Storm Events 
When a precipitation event occurs in a watershed, there is often a pulse of 
additional stream flow which manifests itself in a hydrograph as a storm hydrograph peak. 
If the isotopic composition of the precipitation differs from the composition of the stream 
and the storm flow peak is composed of event water (precipitation), then there will also be 
a deflection in the isotopic composition of the stream which is proportional to the stream 
flow event water fraction and the isotopic difference between the pre-event stream flow 
and the precipitation. A record of the isotopic deflection may enable isotope hydrograph 
separation, discussed earlier. However, many factors may affect the direction and 
magnitude of the observed isotopic deflection, including the timing and frequency of 
sampling. In order to interpret isotopic deflection observed on a weekly interval it is 
necessary to understand the various factors that cause the deflections at this frequency. To 
evaluate which factors primarily affect the direction and magnitude of stream isotopic 
deflection, a CART analysis was performed. 
The response (dependent variable) was the percent change of the stream isotopic 
composition from the prior week's value towards the precipitation isotopic composition, 
which is a quantification of the stream isotopic deflection. The control (independent) 
variables considered to potentially affect the stream isotopic deflection were: precipitation 
amount, precipitation amount during storm conditions (defined as periods during which 
rainfall rates were greater than 2.54 cm/hr), and precipitation amount during the last 24 
hours before sampling. 
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If precipitation amount or storm precipitation amount correlates with stream 
isotopic deflection, then the stream composition is responding primarily to event water 
input volume and the data would be useful for isotope hydrograph separations. If the 
precipitation amount in the last 24 hours correlates with stream isotopic deflection, then 
the stream composition is responding primarily to the relative timing of sampling frequency 
and rain events and therefore the data would not be useful for isotopic hydrograph 
separations. 
Out of forty total weeks of applicable record, one data point (the week of 9/13/07) 
was excluded because the stream isotopic composition percent change towards rain (377%) 
was an outlier and exerted too much influence on the statistical analysis. The results of the 
CART analysis, presented in Figure 24 and Figure 25, show that although precipitation 
amount and storm precipitation amount do exert significant influence, the most influential 
control variable is the amount of precipitation in the last 24 hours before sampling. 
Therefore, weekly deflections in the stream isotopic composition depend primarily on the 
sample timing. Therefore, the sampling frequency is insufficient to perform hydrograph 
separations. 
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Figure 24: Stream isotopic response to storm events CART 1 of 2: distribution of stream 5D change towards 
precipitation (in %) and Log Worth scores of control variable candidates. Note that precipitation amount in 
the last 24 hours is by far the most significant variable. 
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Count 39 LogWorth Difference 
Mean 12.515737 2.9438262 26.4421 
Std Dev 16.998567 
Precip in last 24 hours [mm]<8.128 
Count 34 
Mean 9.1257286 
Std Dev 14.098283 
Precip in last 
Precip In I 
ast 24 hou 
24 hours [mm]>=8.128 
Precip in last 24 hours [mm]>=8.128 
Count 5 
Mean 35.567797 
Std Dev 18.529007 
Figure 25: Stream isotopic response to storm events CART 2 of 2: classification tree showing most powerful 
splits. 
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Isotopic Difference between Precipitation and Infiltration 
The snowmelt collector was implemented primarily to collect and measure the 
volume of snowmelt infiltration, but additional infiltration water samples were collected 
throughout the year to compare to the isotopic composition of direct precipitation at the 
same site. The time series record of isotopic values (Figure 19) shows that for some sample 
weeks precipitation and infiltration have similar isotopic compositions, but for others there 
are significant compositional differences. A CART analysis was performed to evaluate which 
factors are correlated with differences between precipitation and infiltration composition. 
The response (dependent variable) was the difference in 6D isotopic composition 
between the directly sampled precipitation and the infiltration. The control (independent) 
variables considered were: weekly precipitation amount, the fraction of precipitation 
occurring during storm conditions (defined as periods during which rainfall rates were 
greater than 2.54 cm/hr), the fraction of rain that occurred in the last 24 hours before 
sampling, and the average time span between a rainfall and sample collection. 
The results of the CART analysis are presented in Figure 26 and Figure 27, and 
suggest that: 
• If the average time span between rainfall and sampling is less than 4.2 days and 
the total precipitation amount is greater than 20 mm, then the infiltration 6D is 5%o lighter 
than precipitation on average, and 
• If the average time span between rainfall and sampling is less than 4.2 days and 
the infiltration and total precipitation amount is less than 20 mm or if the average time span 
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between rainfall and sampling is greater than 4.2 days, then the infiltration is 11.5%o 
heavier than precipitation on average. 
These correlations are consistent with evaporative enrichment, but the analysis does 
not resolve whether this evaporation occurs as part of a natural soil process or in the 
collection chamber. 
74 






























Std Dev 18.898626 
Candidates 
Term 
Precip Amount (mm) 
f rac# of tips in last 24 hours 
f rac# storm tips 












Figure 26: Isotopic difference between infiltration and precipitation CART 1 of 2: distribution of 6D difference 
(infiltration minus precipitation) and Log Worth scores of control variable candidates. Note the average lag 
between rainfall and sampling is by far the most significant variable. 
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Figure 27: Isotropic difference between infiltration and precipitation CART 2 of 2: classification tree showing 




The isotopic compositions of the precipitation, groundwater, infiltration, and stream 
flow demonstrate sufficient spatial and temporal variation to be useful in constraining 
hydrologic models of the Headwaters Lamprey River Watershed. There is sufficient 
seasonal and interstorm variation in isotopic composition to enable the use of water 
isotopes as tracers over a wide range of timescales, from the storm timescale up to multiple 
years. 
The water budget for water year 2007, calculated without interbasinal groundwater 
inputs or outputs, balances out to approximately steady state. However, this calculation 
does not rule out the possibility of significant interbasinal groundwater transfers. In fact, 
the relationship between groundwater level records and the water balance suggests a 
missing flux term that is possibly an interbasinal groundwater flux. This possibility of 
significant interbasinal fluxes is also supported by related ongoing studies [Smith et al., 
2007]. 
Based on analysis of stable water isotopic data, the groundwater system is 
interpreted to be comprised of three distinct but interconnected reservoirs, each 
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characterized by a mean residence time and flow path (Figure 28). The shallow 
groundwater system does not directly contribute to stream flow at the watershed outlet 
and has a mean residence time greater than 9 years. Some water from the shallow 
groundwater system feeds the very shallow groundwater reservoir, which flows through 
surface water bodies and wetlands and is the primary source of baseflow in the stream 
network. As the very shallow groundwater moves though surface water bodies and 
wetlands during periods of evapotranspiration, it acquires a characteristic evaporative 
isotopic signature. The mean residence time of the shallow groundwater is 1.5 months. 
Mixing between the shallow and very shallow groundwater reservoirs likely does occur. 
The deep groundwater likely is sourced from a geographically wider recharge area and 
mixes with the shallow groundwater reservoir. The mean residence time of the deep 
groundwater was not characterized, but is likely longer than that of the shallow 
groundwater. 
The presence of a very shallow groundwater system could be tested in a future 
study by taking spatially distributed samples at varying depths throughout the watershed. 
The isotopic composition would be expected to lighter with increasing depth and heavier 
along flowpaths towards the stream due to progressive evaporative enrichment in heavy 
isotopes. 
Whether the very shallow groundwater is the primary groundwater contributor to 
stream flow throughout the water year, beyond the summer baseflow period, could be 
tested with a distributed hydrologic model, constrained by these isotopic data. 
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Deep and shallow groundwater compositions approximately reflect the volume-
weighted seasonal average of precipitation. Therefore, all groundwater in the watershed 
can be interpreted to have been recharged by local meteoric waters. The geographic extent 
of the recharge area could be constrained by sampling precipitation across the region to 
characterize regional variability in precipitation isotopic composition. 
Ongoing biogeochemical research in the Lamprey River Watershed has determined 
that 90% of nitrogen input is 'retained' in the watershed; that is, the nitrogen is not 
observed to exit the watershed in stream flow. The exact process by which this nitrogen is 
'retained' has not been identified, but at least two general mechanisms have been 
hypothesized: (1) nitrogen is removed by microbial activity in bioactive areas and emitted 
to the atmosphere or (2) nitrogen is retained in the watershed by accumulating in long 
residence time water reservoirs. One recent study of the Lamprey River Watershed found 
that riparian zones, initially hypothesized to be a bioactive area accounting for large 
nitrogen removals, did not remove significant nitrogen [Traer, 2007]. This leaves the 
question of nitrogen retention in the Lamprey River Watershed unresolved. The 
groundwater flow regime hypothesized by this study provides potential physical 
mechanisms for both nitrogen retention hypotheses. The very shallow groundwater 
reservoir, which is the primary source of stream flow, is interpreted to flow though and 
spend significant time within surface water bodies and wetlands where biological removal 
of nitrogen is likely. This could help explain the low observed nitrogen output fluxes in 
streams. Additionally, the shallow groundwater reservoir is interpreted to have a mean 
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residence time greater than 9 years, and therefore could accumulate significant quantities 
of nitrogen without immediately exporting it to the stream network. Both of these 
mechanisms could work in concert to reduce the observed nitrogen output in streams. 
However, if the shallow groundwater storage is significant, then accumulated excess 
nitrogen would be expected to show up in streams in the future after it travels through the 
long residence time reservoir. Nitrogen sampling of shallow groundwater wells and 
quantification of nitrogen fluxes from wetland and surface water bodies would help resolve 
the relative importance of these nitrogen 'retaining' mechanisms. 
The CART statistical analysis of stream flow response to storm events indicates that 
a significant high frequency isotopic signal in stream flow is not captured by weekly 
sampling. This indicates that a weekly sampling frequency precludes isotope hydrograph 
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